Tinnitus mostly results from central and peripheral auditory pathology. Chronic kidney disease (CKD) is a major risk factor for cerebrovascular disease. However, no studies have evaluated the association between tinnitus and CKD. The aim of this study is to investigate the risk of tinnitus in patients with CKD. This retrospective cohort study was conducted using Taiwan National Health Insurance Research Database from 2000 to 2010. We established a CKD group (n = 185,430) and a non-CKD comparison group (n = 556,290) to investigate the incidence of tinnitus. Cox proportional hazard regression analysis was used to evaluate the effects of CKD on tinnitus risk. The results showed CKD significantly increased the risk of tinnitus (adjusted hazard ratio, 3.02; 95% CI, 2.655-3.456, P<0.001). A subgroup analysis revealed the increase in risk of tinnitus is more in CKD patients with heart failure (adjusted hazard ratio, 9.975; 95% CI, 5.001-18.752) and diabetes mellitus (adjusted hazard ratio, 3.712; 95% CI, 2.856-5.007). Furthermore, compared to non-CKD patients, the risk of tinnitus was increased 4.586-fold (95% CI, 2.399-6.7) in CKD patients with dialysis and 2.461-fold (95% CI, 1.033-3.454) in CKD patients without dialysis. This study is the first to report that CKD is associated with an increased risk of tinnitus. Among CKD cohort, patients with dialysis are at a higher risk of tinnitus than those without dialysis.
Introduction
Chronic kidney disease (CKD) is characterized by progressive and irreversible loss of kidney function over the period of months and years. Diabetes and hypertension are the main causes in most countries and diabetes accounts for 30-50% of the patients with CKD [1] . Healthrelated quality of life in CKD population is poorer than general population and deteriorates as glomerular filtration rate declines. As CKD progresses, the formation and accumulation of a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 uremic toxin will lead to adverse biological effects. Uremic toxin can contribute to inflammation, immune dysfunction, vascular disease and platelet dysfunction [1] . CKD is a major risk factor for many morbidities, including cardiovascular disease, cerebrovascular disease and bleeding, and for all-cause and cardiovascular mortality [1, 2] . An increased risk of death from cardiovascular disease rises with progressively worsening kidney function [2] [3] [4] . A strong inverse relationship between renal function and stroke is demonstrated and it shows that the risk of having stroke increases by 7% every 10 mL/min/1.73 m 2 decline in estimated glomerular filtration rate (eGFR) [5] . In the patient with dialysis, stroke has a prevalence of 17% compared to 10% in non-dialysis patients and 4% in the general population [6, 7] . In addition, CKD increases risk of cognitive impairment by 65% and is related to hearing impairment [1, [8] [9] [10] .
Tinnitus is a perception of sound in the absence of external auditory stimulus and often has a negative effect upon the quality of life. This symptom affects 5.1-42.7% of the general population [11] . Of those affected, approximately 3% to 5% suffer from severe troublesome tinnitus causing disability and disruption in daily performance [12] . Objective tinnitus results from the patient's perception of an abnormal somatosound or abnormal sound perception. Subjective tinnitus, representing more than 90% of patients with tinnitus, is usually secondary to a sensorineural hearing loss and associated with emotional stress, depression, sleep disorder and anxiety [13] [14] [15] [16] . Among the modalities of treatment, counselling, cognitive behavioral therapy, tinnitus maskers and hearing aids are more commonly used to reduce the distress associated with tinnitus. Medication is indicated only for the treatment of tinnitus-associated symptoms such as depression, sleep disturbances, and anxiety [14] . In addition to hearing loss, other factors such as diabetes, sleep apnea, previous head injuries, history of arthritis and hypertension have been suggested as risk factors [17] [18] [19] . Nevertheless, the association between CKD and the subsequent tinnitus risk has never been explored. Therefore we conducted a population based case-control study utilizing data from a nationwide health insurance database, the Taiwan National Health Insurance Research Database (NHIRD) to examine the risk of developing tinnitus among patients with CKD.
Materials and methods

Data sources
In this study, we used data from the NHIRD to investigate the risk of having tinnitus in patient with CKD over a 10-year period, from the outpatient Longitudinal Health Insurance Database in Taiwan (2000-2010) , which is a valid representative sample of the total population of 23,000,000 in Taiwan. The National Health Insurance (NHI) Program was launched in Taiwan in 1995, and as of June 2009 it included contracts with 97% of the medical providers in Taiwan with approximately 23 million beneficiaries, or more than 99% of the entire population in Taiwan. [20] The NHIRD uses International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) codes to record diagnoses. The Bureau of NHI randomly reviews the records of 1 in 100 ambulatory care visits and 1 in 20 in-patient claims to verify the accuracy of the diagnoses. Several studies have demonstrated the accuracy and validity of the diagnoses in the NHIRD [21] [22] [23] . The Institutional Review Board of Tri-Service General Hospital approved this study and waived the need for individual written informed consent (TSGH IRB No. 2-105-05-082).
196,619 individuals were diagnosed as CKD (ICD-9-CM codes 585-586) prior to the index date. The patients were excluded if they were fit into one of the following criteria: newly diagnosed as CKD during the period of 1997-1999, history of receiving kidney transplantation (ICD-9-CM code V42.0), having tinnitus (ICD-9-CM code 388.3) or sensorineural hearing loss (ICD-9-CM code 389.1) before tracking, aged <18 years and gender unknown. Finally, the case group was 185,430 individuals. The control group had the same exclusion criteria of case group and without CKD in study period, and then we took 3 times matched by index year, index month, gender and age; that is, the control group was 556,290 individuals. The tracking of case and control groups continued until December 31, 2010. The event of tracking definite is the occurrence of tinnitus. The individuals having at least three times of diagnoses of tinnitus (ICD-9-CM code 388.3) by otolaryngologists, interspersed by a minimum of 4 weeks, were defined as developing tinnitus (Fig 1) . Medical histories of drug intake in the individuals of this study were assessed. Intake of aminoglycosides, macrolides, loop diuretics, antineoplastic agents (consisting of platinum compounds, vinca alkaloids, bleomycin and chlorambucil), aspirin and NSAIDs was included in this analysis. A subgroup analysis was conducted to investigate the respective risk of tinnitus in CKD patients with dialysis and without dialysis.
The covariates included gender, age group (18-29, 30-39, 40-49, 50-59, !60 years), geographical area of residence (north, center, south, and east of Taiwan, and outlets islands), urbanization level of residence (level 1 to 4) and monthly income (in New Taiwan Dollars [NTD]; <18,000, 18,000-34,999, !35,000). The urbanization level of residence was defined according to the population and various indicators of the level of development. Level 1 was defined as a population >1,250,000, and a specific designation as political, economic, cultural and metropolitan development. Level 2 was defined as a population between 500,000 and 1249,999, and as playing an important role in the political system, economy, and culture. Urbanization levels 3 and 4 were defined as a population between 149,999 and 499,999, and <149,999, respectively.
Baseline comorbidities included hypertension (ICD-9-CM codes 401-405), diabetes mellitus (ICD-9-CM code 250), heart failure (ICD-9-CM code 428), stroke (ICD-9-CM codes Increased risk of tinnitus in patients with chronic kidney disease 430-438), chronic obstructive pulmonary disease (ICD-9-CM codes 490-496), liver cirrhosis (ICD-9-CM code 571), Ménière's disease (ICD-9-CM code 386.0), and traumatic brain injury (ICD-9-CM codes 800-804, 850-854, 873, 310.2). The Charlson comorbidity index after removal of the aforementioned comorbidities (CCI_R) was used to demonstrate the extent of the comorbidities.
Statistical analysis
All analyses were performed using SPSS software version 22 (SPSS Inc., Chicago, Illinois, USA). χ 2 and t tests were used to evaluate the distributions of categorical and continuous variables, respectively. Multivariate Cox proportional hazards regression analysis was used to determine the risk of tinnitus, and the results were present as hazard ratio (HR) with 95% confidence interval (CI). The difference in the risk of tinnitus between the study and control groups was estimated using the Kaplan-Meier method with the log-rank test. A 2-tailed P value less than 0.05 was considered to indicate statistical significance.
Results
This study examined 185,430 patients with CKD and 556,290 controls. Table 1 showed demographic characteristics of case and control groups. Compared to the controls, patients with CKD had higher rates of hypertension, diabetes mellitus, heart failure, liver cirrhosis and traumatic brain injury (P<0.001), and lower rates of stroke, chronic obstructive pulmonary disease and Ménière's disease (P<0.001). The level of CCI_R was higher in CKD group than control group (P<0.001). Patients with CKD lived more in less urbanized areas and middle area of Taiwan (P<0.001). Over the 10-year follow-up, the cumulative incidence of developing tinnitus was 0.18% (325/185,430 individuals) in patients with CKD and 0.15% (848/556,290 individuals) in patients without CKD. The overall incidence of tinnitus was 97.25 per 100,000 person-years for patients with CKD and 72.56 per 100,000 person-years for patients without CKD. The Kaplan-Meier analysis indicated that patients with CKD had a significantly higher risk of developing tinnitus than did patients without CKD (log-rank test P<0.001) (Fig 2) . At the 4 th year of follow-up, the difference between the two groups became significant (P = 0.032 in the tracking of 4 years). In addition, the incidence rate of sensorineural hearing loss at the end of follow-up was 65.2% in patients with CKD with tinnitus and 7.1% in individuals without CKD with tinnitus (P<0.001). CKD population had a higher association between tinnitus and sensorineural hearing loss. The Cox regression analysis of the factors associated with the risk of tinnitus showed the crude HR was 2.743 (95% CI = 2.404-3.13, P<0.001) ( Table 2) . After adjusting for age, gender, comorbidities, drug intake, geographical area of residence, urbanization level of residence and monthly income, the adjusted HR was 3.02 (95% CI = 2.655-3.456, P < .001). It indicated that patients with CKD had a 3.02 times higher risk of developing tinnitus compared to the individuals without CKD. In the subgroups stratified by the gender, age, comorbidities, drug intake, urbanization and monthly income, the CKD individuals who were female, aged <30 years and in the lowest urbanization level were associated with a higher risk of developing tinnitus than those who were male, aged !30 years and in higher urbanization level (Table 3) . Those with hypertension, diabetes mellitus, heart failure, chronic obstructive pulmonary disease, liver cirrhosis and traumatic brain injury were associated with a higher risk of developing tinnitus than those without these comorbidities. The adjusted HR of tinnitus was 3.712 (95% CI, 2.856-5.007) in those with diabetes mellitus and 2.788 (95% CI, 2.012-3.864) in those without diabetes mellitus. The adjusted HR of tinnitus was 9.975 (95% CI, 5.001-18.752) in those with heart failure and 2.82 (95% CI, 2.012-3.336) in those without heart failure. A significant association between CKD and tinnitus development was observed among CKD patients with drug intake compared with the controls with drug intake (Table 3) . CKD patients with intake of aminoglycosides, macrolides, loop diuretics, antineoplastic agents, aspirin and NSAIDs exhibited a higher risk of developing tinnitus than controls with intake of those drugs (adjusted HR: 2.895 in those using aminoglycosides, 2.765 in those using macrolides, 2.986 in those using loop diuretics, 2.901 in those using antineoplastic agents, 2.872 in those using aspirin, and 2.601 in those using NSAIDs). It revealed that CKD was a significantly risk factor for tinnitus in the individuals with intake of ototoxic agents. Among CKD population (185,430 individuals), there were patients with dialysis (87,361 individuals, 47.11%) and without dialysis (98,069 individuals, 52.89%). The incidence and HR of tinnitus in CKD population with or without dialysis relative to those in controls were listed in Table 4 . The risk of tinnitus was 4.586-fold (95% CI, 2.399-6.7) higher in patients with CKD and dialysis, and was 2.461-fold (95% CI, 1.033-3.454) higher in patients with CKD and without dialysis. Among CKD population, cases with dialysis carried a higher risk of developing tinnitus than those without dialysis.
Discussion
This nationwide, population-based study is the first research to investigate the association between tinnitus and CKD. We confirm CKD is a significant risk factor for tinnitus. The CKD population is at a 3.02 times higher risk of tinnitus compared to the general population. Among CKD population, the patients who are female and aged <30 years have a higher risk of developing tinnitus than those who are male and aged !30 years. In addition, the patients with hypertension, diabetes mellitus, heart failure, liver cirrhosis and traumatic brain injury carry 3.174-9.975 times risk of tinnitus. Therefore hypertension, diabetes mellitus, heart failure, liver cirrhosis and traumatic brain injury are contributing factors to develop tinnitus in patients with CKD. In this study, another important finding is that the patients with hemodialysis or peritoneal dialysis have a higher risk of developing tinnitus than those without dialysis. It indicates that the patients with end stage renal disease carry a more increased risk of developing tinnitus. It also suggests the risk of developing tinnitus is positively correlated to the severity of the loss of kidney function. The pathophysiological mechanism of tinnitus is complex and multifactorial. The occurrence of tinnitus is often related to hearing malfunction. The well recognized mechanism is PYs = person-years; Rate = incidence rate (per 100,000 person-years); Ratio = rate in with Ä rate in without; Adjusted HR = adjusted hazard ratio: adjusted variables listed in Table 2 ; CI = confidence interval; CCI_R = Charlson comorbidity index with removal of the aforementioned comorbidities.
https://doi.org/10.1371/journal.pone.0183192.t003 downregulation of intracortical inhibition related to the damage to cochlea [24] . Diminished output from the damaged cochlea causes diminished inhibition in central auditory structures. The elevated multiunit spontaneous activity detected in dorsal cochlear nucleus can project to higher auditory centers. It eventually leads to activation of the auditory perceptual machinery, including primary auditory cortex, responsible for tinnitus [25] . The subtotal cochlear damage without changes of hearing threshold, a possible cause of tinnitus in patients without detectable hearing loss, is linked to a degeneration of auditory neuron with damage of inner hair cell synapse. This kind of auditory deprivation can result to a failure to appropriately adapt the central response gain, which may cause tinnitus [26] . Neural synchrony and tonotopic map reorganization in the auditory modality are two other possible mechanisms in the occurrence of tinnitus after hearing loss [17] . The negative impact of chronic tinnitus has been recognized due to neuronal connectivity and interactions between auditory and limbic systems [27] . The functional neuroimaging studies revealed subjects with tinnitus had abnormal functioning both within the central auditory system and in non-auditory brain areas. The neural activity in non-auditory areas including the frontal areas, the limbic system and the cerebellum seems be associated with the perception of tinnitus [28] . The change in limbic system is contributed to the perception and annoyance of tinnitus, and possibly to the development of tinnitus. Although the physiological mechanisms behind the association between CKD and the subsequent occurrence of tinnitus remain unclear, we inferred potential mechanisms from previous studies that may provide possible explanations. First, two population-based studies demonstrate the association between hearing loss and CKD [8, 10] . Vilayur et al. report that moderate CKD is independently associated with hearing loss [8] . Subjects with eGFR < 45 mL/min/1.73 m 2 have the highest prevalence of hearing loss. Seo at al. report that the odds ratio of hearing impairment was 1.25 times higher in subjects with eGFR < 60 mL/min/1.73 m 2 than in those with eGFR ! 60 mL/min/1.73 m 2 [10] . A combination of factors resulting from CKD, including abnormal electrolytes, urea, and creatinine levels, can lead to the cochlear dysfunction [10] . The cochlea and kidney have similar physiological mechanisms, including the active transport of fluid and electrolytes in stria vascularis of cochlea and glomerulus of kidney [29] . Thus the nephrotoxic substances and medication, an important cause of CKD, may result in the cochlear damage. CKD is associated with an increased inflammatory status [30] . Inflammation is proposed as an etiopathogenic mechanism of hearing loss in chronic nephropathy because of the induction of cochlear microcirculation dysfunction [31] . In addition, CKD is a risk factor for the occurrence of cerebral small vessel disease. It may disturb the blood supply to the inner ear and lead to the cochlear ischemic damage [32] . Overall, the CKD-related cochlear dysfunction or auditory deafferentation can be attributed to the development of tinnitus. Second, the patients with tinnitus usually presents with the activation of limbic system [33, 34] . Palkovits et al. find the activation of neuron within the limbic and stress-related areas in a rat model of mild chronic renal failure [35] . The activation of limbic system related to CKD is another possible mechanism to induce tinnitus. Third, hyperactivity of the sympathetic nerve system in patients with renal failure was reported [36, 37] . An increase in sympathetic activity can play a role in the pathogenesis of tinnitus. The strengths of this study are its population-based research, use of well-established cohort data with a large sample size and extended follow-up period to identify CKD as a risk factor of developing tinnitus. Nevertheless, there are several limitations to this study. First, although the coding of the NHIRD in recording a few diseases has been validated, no reports are available regarding the coding accuracy for tinnitus. Nevertheless, we have restricted the diagnoses of tinnitus to only those made by otolaryngologists to increase its validity. Second, patients with tinnitus can be identified using the insurance claims data, however the information on tinnitus handicap is not available. Therefore, the effect of CKD on the severity of tinnitus cannot be analyzed. Third, the incidence of tinnitus may be underestimated because patients with mild and acceptable tinnitus cannot be clearly identified from the Taiwan NHI data set.
Conclusions
This study presented that CKD is a significant and independent risk factor for tinnitus. The patients with CKD have a 3.02 times higher risk of developing tinnitus. Furthermore the patients with end stage renal disease and dialysis are at a 4.586 times risk of tinnitus than general population and carry a higher risk of tinnitus than the patients with CKD and without dialysis. The underlying mechanism of this association and the effect of disease progression on the development of tinnitus need clarifying in future studies.
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